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We introduce a simple and flexible method to generate spatially non-Markovian light with tunable
coherence properties in one and two dimensions. The unusual behavior of this light is demonstrated
experimentally by probing the far field and recording its diffraction pattern after a double slit: In
both cases we observe instead of a central intensity maximum a line or cross shaped dark region,
whose width and profile depend on the non-Markovian coherence properties. Since these properties
can be controlled and easily reproduced in experiment, the presented approach lends itself to serve
as a testbed to gain a deeper understanding of non-Markovian processes.
Although in nature, non-Markovian processes are far
more common than Markovian ones, scientists often pre-
fer to describe its behavior with Markovian models. This
might be the case because Markovian models are easier to
build, and significantly easier to combine when construct-
ing more complex models. Recently, however, there is an
increasing interest in understanding the specific impact of
non-Markovian behavior on chemical and biological pro-
cesses such as electron transfer [18], kinetics of protein
folding [17], or the ion transport through membranes [9],
to name but a few. In optics, the radiation dynamics
in photonic crystals [11], optical gain in quantum-well
lasers [1], and dephasing processes in coupled quantum-
dot-cavities [13] have been experimentally observed to
be governed by non-Markovian behavior. Characterizing
non-Markovian evolutions of quantum properties at the
loss of entanglement has become the center of extensive
theoretical and experimental efforts [4, 14], since it is
hoped to pave the way for better read-out mechanism in
quantum computing [7] or even controlled generation of
entangled states [5]. Such quantum phenomena, or even
their application in logical circuits [6], are often studied
using optical means [4, 14]. Furthermore, the recent sug-
gestion to initialize controlled quantum states by ’optical
pumping’ [5], opens exciting possibilities to shape desired
quantum properties, including designed non-Markovian
characteristics, in the optical regime and then transfer it
to other physical systems [2, 16].
Non-Markovian light, which might serve as an effective
tool towards these objectives, has been previously gen-
erated by overlaying a light beam with a delayed copy
or echo of itself [3]. An alternative approach employs
a micro-mechanical oscillator as a mirror to obtain non-
Markovian properties from its Brownian movements [10].
The two methods result in light with non-Markovian
properties in the time domain and offer only a limited
degree of control and practically no repeatability if the
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exact same conditions need to be reproduced. In this
work we therefore introduce and experimentally demon-
strate a technique to create spatially non-Markovian light
to overcome these limitations. By using a spatial light
modulator (SLM) to imprint a non-Markovian phase pat-
tern (NMP) onto a coherent light beam, we build a simple
yet flexible, programmable and thus easily reproducible
experimental setup to generate light with the desired
spatial non-Markovian properties in one or two dimen-
sions. Due to this combination of control over the non-
Markovian properties and rapid experimental realization,
this approach lends itself to serve as a testbed to gain a
deeper understanding of the dynamics of non-Markovian
processes, or even as a building bloc for experiments aim-
ing at producing specific entangled states.
Moreover, NMPs in both one and two dimensions can
be generated by algorithms with a tuning parameter that
allows to scan from strictly periodic to non-Markovian
properties. Looking at the spatial coherence of the wave-
front shaped by this means, we observe, depending on the
tuning parameter, a short-range anti-correlation, mid-
range correlation, yet practically no correlation beyond a
specific distance. Probing this light in two basic experi-
ments, namely by recording the far field and diffraction
on a double split, we demonstrate how the response of
this light differs significantly form the familiar behavior
of coherent or thermal light, or any combination of these
two.
In a Markovian process, the probability of a given state
may depend only upon the one state preceding it (re-
laxed condition), but not on the sequence of events that
occurred before. Applying the Markov property to the
case of a two-dimensional matrix, the value at each ma-
trix element should be statistically independent from any
other element with the exception of its immediate neigh-
bors at either side. As a consequence, the covariance
matrix of a pattern fulfilling the Markov criteria will be
(tri)diagonal [12]. However, the Markov condition is vi-
olated if the statistical process generating the pattern
has some kind of memory. A textbook example would
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2FIG. 1. Generation of non-Markovian patterns for phase im-
print. a) In one dimension: generating a series of overlapping
permutations (indicated by colored braces below series) of
here L = 6 symbols, e.g. with a shift size s = 3. b) In two di-
mensions: Solving overlapping Sudoku puzzels after shifting
the outer 9 × 9 frame by e.g. s = 4 elements horizontally or
vertically.
be the drawing of distinct balls from a urn without re-
placing, where the probability of a ball to be drawn de-
pends on the outcome of all previous drawings. As shown
in Fig. 1(a), we use a slightly modified version of this
model to generate one-dimensional NMP: Starting with
a random permutation of L symbols (e.g. for L = 9 the
numbers 1 to 9), the series is continued with a random
permutation of its first s elements (1 ≤ s ≤ L), such that
the tuple of the last L elements again form a permuta-
tion of L. Then the next s elements in the series are
added in randomly permutated order, and the process
repeated until the series reaches the desired length. For
our 1D experiments, we combine several such lines (each
statistically independent from the others) to a matrix
with horizontally non-Markovian, yet vertically Marko-
vian properties.
One convenient method to generate two-dimensional
NMPs is the solving of overlapping Latin squares or, al-
ternatively, Sudoku puzzles. For this work we use com-
mon 9× 9 Sudokus with the numbers 1 to 9 as symbols.
Starting with one correctly solved Sudoku we shift it’s
outer frame of size 9×9 by s elements either horizontally
or vertically and fill the empty elements to solve for a
valid Sudoku within the new frame position(Fig. 1(b)).
The frame then is scanned in steps of s elements over
the matrix until the desired dimensions are reached. The
number of L = 9 symbols was chosen primarily for clarity
in the reported figures and the familiarity with regular
FIG. 2. Probing the far field of spatially non-Markovian light:
a) Experimental setup; b) numerical (left side) and exper-
imental (right side) results, averaged over multiple realiza-
tions, for 1D non-Markovian phase imprint with 9 equidistant
phase levels. Rows depict the k-space for s values from 9 (top
row) to 1 (bottom row); c) central part of covariance ma-
trix J of the complex field for s = 2 at different propagation
distances z.
Sudokus; yet both in one and two dimensionen higher
values can be used, thus increasing the range of s and
equally the resolution of the transition between strictly
period and non-markovian patterns.
To translate the NMP to a phase imprint, each ele-
ment is assigned a discrete phase level by multiplying
the respective number with 2pi/L, and a SLM (Hama-
matsu LCOS-SLM x10468) is programmed with this
phase information. The properties of a of a plane wave
(λ = 808 nm) reflected from the SLM surface is then
probed in the experimental setup depicted schematically
in Fig. 2(a), in which the far field is recoded with a CCD
camera.
Applying a 1D NMP at the SLM, we observe in the far
field a dark central region (Fig. 2(b)). Since the phase
levels in the experiment are chosen such that the sum
of the complex field is zero, a small dark region in the
center is to be expected - similar e.g. to the center of
an optical vortex. However, we note that the dip is sig-
nificantly larger and depends in its width, edge shape
and depth on the parameter s: For s = 1, which gen-
erates strictly periodic patterns, the width reaches from
the −1st to the 1st diffraction order. The width narrows
for increasing s until about half this size for s = 9 = L,
which corresponds to a series of random permutations
without overlap or ’shared’ elements. Between these two
extremes we observe a transition where with increasing
s the higher diffraction orders (corresponding to higher
3FIG. 3. Sudokulight with 2D non-Markovian phase imprint.
Top row (from left to right) depicts the far field measured with
the setup illustrated in Fig. 2(a) for NMPs with s = 3, 6 and
9, respectively, averaged over 100 realizations. Bottom row
shows the far field intensity autocorrelation of the respective
measurements. For comparison, the right column shows the
respective results of a uniformly distributed random 9 level
phase pattern imprinted on the beam.
spatial frequencies) ’wash out’ and build a relative homo-
geneous noise floor, normally a characteristic of spatially
incoherent light. This transition is not linear, as can be
seen in Fig. 2(b); in particular for values of s that are
divisors of L (e.g. s = 3) the lower diffraction orders and
the central dip appear much more pronounced.
Using the same parameters as in the numerical sim-
ulation shown in Fig. 2(b, left), we calculated the co-
variance matrix of the complex field at the SLM sur-
face and after a free-space propagation over a distance
of 0.1 m and 0.5 m (illustrated exemplary for s = 2 at
Fig. 2(c)). This covariance matrix, also referred to as the
complex mutual intensity function, or degree of coher-
ence function [12], reveals the interesting statistics of this
light: anti-correlation in the immediate short-range and
periodic peaks of high correlation at mid-range, which
get weaker at increasing distance from the diagonal (the
higher the ratio s/L, the faster the peak intensity de-
cays). Interestingly enough, these main features per-
sist even as the beam propagates and the overall degree
of coherence increases in accordance with the Gaussian
Schell-model (causing the broadening of the diagonal for
z = 0.1 m and 0.5 m) [15].
A similar behavior can be observed for the 2D case,
where the pattern for non-Markovian phase imprint is
generated by solving overlapping Sudoku puzzles. As de-
picted in Fig. 3(top row), the far field features a dark
cross, whose width and border shape again depend on the
parameter s. The transition of structured to relative ho-
mogeneous autocorrelation traces of these measurements
(Fig. 3(bottom row)) illustrates the decreasing degree of
spatial coherence for an increasing value of s/L. While
the spatial coherence can thus be tuned by the choice of
s, a comparison with the autocorrelation trace of a uni-
formly distributed random phase pattern (using the same
9 discreet phase levels as the Sudokulight; Fig. 3(bottom
row, right column)) makes clear that even the case s = L
FIG. 4. Diffraction of Sudokulight on double slit. All results
are averaged over 100 realizations with different NMPs. a)
Experimental setup, employing a 4f imaging to reconstruct
the phase imprint in the plane of the double slit with a mag-
nification of 1/5. b) Numerical (left side) and experimental
(right side) diffraction patterns for 1D non-markovian light
for increasin parameter s. Rows depicts the intensity of the
diffraction pattern integrated along the slit orientation for
s = 1 (top) to 9 (bottom). c) Top and bottom row show the
numerical and experimental diffraction patterns obtained for
Sudokulight with s = 3, 6 and 9, respectively (slits oriented
vertically). The right column depicts the diffraction of a plane
wave under the same conditions.
is far from being spatially incoherent.
These coherence characteristics also lead to an unusual
diffraction pattern of Sudokulight in Young’s classical
double slit experiment [19]. The fringe contrast at inter-
ference is commonly used as a measure for the coherence
of light [8]. To test the diffraction of Sudokulight on a
double slit, we therefore employ the experimental setup
schematically shown in Fig. 4(a). A 4f imaging with a
magnification of 1/5 downscales the phase imprint at the
plane of the double slit, such that the size of about 5 el-
ements in the NMP correspond to the 100 µm slit width
(slit distance 300 µm). The diffraction pattern is again
recoded with a CCD camera.
While incoherent light produces a Gaussian shaped in-
tensity diffraction pattern perpendicular to the slit orien-
tation, coherent light produces fringes as seen in Fig. 4(c),
right column. Partially coherent light is known to pro-
duce a linear combination of these two patterns, yet al-
ways with an intensity maximum at the center. Sudoku-
light, on the other hand, does feature an intensity mini-
mum at the center, not only for the strictly periodic case
4s = 1, but for all values of the tuning parameter s, both in
the one-dimensional (Fig. 4(b)) and the two-dimensional
case (Fig. 4(c), columns 1 to 3, all results are averaging
over 100 realizations with different NMPs at fixed value
of s). In the two-dimensional case, it is important to
distinguish between the two pattern orientations. While
the horizontal (perpendicular to the slit orientation) in-
tensity modulation originates from the diffraction on the
double slit, the vertical intensity modulation is simply
the far field of the light along both slits. By comparing
the two orientations in Fig. 4(c), one notes the appear-
ance of additional, vertical fringes due to interference of
the diffracted light, which vanish for higher values of s.
This decreasing fringe contrast for an increasing value of
s/L, which can also be observed in the one dimensional
case, confirms that the spatial coherence can be tuned
with the parameter s.
We note that the pattern generation methods used in
this work are but two possibilities among many to create
spatially non-Markovian light via a SLM. To give just one
more example, a NMP tiled with non-overlapping squares
(width w), which contain a random permutation of num-
bers 1 to w2, produces a donut shaped intensity pat-
tern in the far field. In contrast to previous approaches
generating non-Markovian light in time, the spatial ana-
logue therefore offers a far greater freedom and flexibility
(along with repeatability) in designing the stochastic and
statistical properties of the light. Notwithstanding, the
approach of using a SLM to imprint a non-Markovian
phase can be easily extended to the time domain by
rapidly reprogramming the SLM with a series of patterns
which depend on their predecessors in a non-Markovian
fashion. Different non-Markovian behaviors observed in
natural systems can thus be simulated more accurately
with the corresponding pattern generation method. Al-
though any rule that correlates matrix elements beyond
the immediate neighbor may produce a NMP, methods
with a tuning parameter, such as the shift size s, allow for
a deeper understanding of the impact of non-Markovian
properties on the system of interest.
In conclusion, the generation of spatially non-
Markovian light with tunable properties, as demon-
strated in this work for one and two dimensions, lends
itself to serve as testbed for the study of non-Markovian
systems and dynamics. Light with a non-Markovian
phase imprint shows very unusual behavior even in clas-
sical, linear experiments, such as the diffraction on a dou-
ble slit. Further research has to show how this light in-
teracts with nonlinear systems. Since it maintains it’s
particular spatial coherence properties when propagat-
ing in free-space, it might well serve as a building block
to design specific, non-Markovian properties in the op-
tical regime and then transfer them to other physical
systems [2, 16]. Due to the flexibility in controlling the
spatial coherence by the suggested pattern generation
method and the easy, fast, and reproducible experimen-
tal implementation via a spatial light modulator, the ap-
proach presented in this work may become a useful tool
in the search of a deeper understanding of non-Markovian
processes.
This work was supported by grants from the CAPES-
Weizmann cooperation program and CNPq (Universal
grant 483983/2013-6).
[1] Doyeol Ahn. Theory of non-markovian optical gain in
quantum-well lasers. Progress in quantum electronics,
21(3):249–287, 1997.
[2] Julio T Barreiro, Markus Mu¨ller, Philipp Schindler,
Daniel Nigg, Thomas Monz, Michael Chwalla, Markus
Hennrich, Christian F Roos, Peter Zoller, and Rainer
Blatt. An open-system quantum simulator with trapped
ions. Nature, 470(7335):486–491, 2011.
[3] R. Beach and S.R. Hartmann. Incoherent photon echoes.
Physical Review Letters, 53:663–666, 1984.
[4] Andrea Chiuri, Chiara Greganti, Laura Mazzola, Mauro
Paternostro, and Paolo Mataloni. Linear optics simu-
lation of quantum non-markovian dynamics. Scientific
reports, 2, 2012.
[5] Jaeyoon Cho, Sougato Bose, and M. S. Kim. Optical
pumping into many-body entanglement. Phys. Rev. Lett.,
106:020504, Jan 2011.
[6] Andrea Crespi, Roberta Ramponi, Roberto Osellame,
Linda Sansoni, Irene Bongioanni, Fabio Sciarrino,
Giuseppe Vallone, and Paolo Mataloni. Integrated pho-
tonic quantum gates for polarization qubits. Nature com-
munications, 2:566, 2011.
[7] G. Goldstein, P. Cappellaro, J. R. Maze, J. S. Hodges,
L. Jiang, A. S. Sørensen, and M. D. Lukin. Environment-
assisted precision measurement. Phys. Rev. Lett.,
106:140502, Apr 2011.
[8] Joseph W Goodman. Statistical optics. pages 170–177,
2000.
[9] Igor Goychuk and Peter Ha¨nggi. Non-markovian stochas-
tic resonance. Phys. Rev. Lett., 91:070601, Aug 2003.
[10] S Groeblacher, A Trubarov, N Prigge, M As-
pelmeyer, and J Eisert. Observation of non-markovian
micro-mechanical brownian motion. arXiv preprint
arXiv:1305.6942, 2013.
[11] Ulrich Hoeppe, Christian Wolff, Jens Ku¨chenmeister,
Jens Niegemann, Malte Drescher, Hartmut Benner, and
Kurt Busch. Direct observation of non-markovian radia-
tion dynamics in 3d bulk photonic crystals. Phys. Rev.
Lett., 108:043603, Jan 2012.
[12] Roarke Horstmeyer, Richard Y. Chen, Benjamin Judke-
witz, and Changhuei Yang. Markov speckle for efficient
random bit generation. 20(24):26394–26410.
[13] P. Kaer, T. R. Nielsen, P. Lodahl, A.-P. Jauho, and
J. Mørk. Non-markovian model of photon-assisted
dephasing by electron-phonon interactions in a cou-
pled quantum-dot˘cavity system. Phys. Rev. Lett.,
104:157401, Apr 2010.
[14] Bi-Heng Liu, Li Li, Yun-Feng Huang, Chuan-Feng Li,
Guang-Can Guo, Elsi-Mari Laine, Heinz-Peter Breuer,
and Jyrki Piilo. Experimental control of the transi-
tion from markovian to non-markovian dynamics of open
quantum systems. Nature Physics, 7(12):931–934, 2011.
[15] Leonard Mandel and Emil Wolf. Optical coherence and
quantum optics. Cambridge university press, 1995.
5[16] M. Paternostro, D. Vitali, S. Gigan, M. S. Kim,
C. Brukner, J. Eisert, and M. Aspelmeyer. Creating
and probing multipartite macroscopic entanglement with
light. Phys. Rev. Lett., 99:250401, Dec 2007.
[17] Steven S. Plotkin and Peter G. Wolynes. Non-markovian
configurational diffusion and reaction coordinates for pro-
tein folding. Phys. Rev. Lett., 80:5015–5018, Jun 1998.
[18] Rui-Xue Xu, Ying Chen, Ping Cui, Hong-Wei Ke, and
Yan. The quantum solvation, adiabatic versus nonadi-
abatic, and markovian versus non-markovian nature of
electron-transfer rate processes. The Journal of Physical
Chemistry A, 111(38):9618–9626, 2007.
[19] Thomas Young. The bakerian lecture: Experiments and
calculations relative to physical optics. Philosophical
transactions of the Royal Society of London, 94:1–16,
1804.
